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The precise measurement of inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^*$$\end{document}$ production in *pp* scattering at the LHC constitutes a sensitive test of perturbative quantum chromodynamics (QCD). The rapidity dependence of boson production in the Drell--Yan process provides constraints on the parton distribution functions (PDFs) of the proton, as the boson rapidity is strongly correlated with the proton momentum fractions $\documentclass[12pt]{minimal}
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                \begin{document}$$W^- \rightarrow \ell ^-\bar{\nu }$$\end{document}$, probe the quark flavours of the proton in a way that complements the information from deep inelastic lepton--hadron scattering (DIS).
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                \begin{document}$$36\,\mathrm {pb}^{-1}$$\end{document}$, determined with an uncertainty of 3.5%. The precision of that measurement -- not including the luminosity uncertainty -- reached about 2--3%. The new $\documentclass[12pt]{minimal}
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                \begin{document}$$4.6\,\mathrm {fb}^{-1}$$\end{document}$, measured with an improved precision of 1.8% \[[@CR2]\]. A deeper understanding of detector performance and refined analysis techniques are crucial to reach a measurement precision at the sub-percent level, apart from the luminosity uncertainty.

Compared to the previous analysis \[[@CR1]\], in this article the NC measurement range is extended to values of dilepton mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=13\,\text {TeV}$$\end{document}$ were published by ATLAS \[[@CR7]\].

Weak boson cross-section measurements at forward rapidity were presented by LHCb \[[@CR8]--[@CR15]\] in the muon and electron channels. The CMS Collaboration has measured NC cross sections as a function of boson mass and rapidity \[[@CR16], [@CR17]\], of boson transverse momentum and rapidity \[[@CR18]\], as well as differential $\documentclass[12pt]{minimal}
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The precision of the present measurement of the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^*$$\end{document}$ cross sections exceeds that of the previous related measurements. The analysis is performed in both the electron channels, $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^* \rightarrow \mu ^+\mu ^-$$\end{document}$, in a common fiducial phase space. These measurements provide a new sensitive test of electron--muon universality in the weak interaction sector. The electron and muon data are combined, accounting for all correlations of systematic uncertainties.

Cross-section calculations of the Drell--Yan process are available at up to next-to-next-to-leading order in the strong coupling constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _{\text {S}} $$\end{document}$ (NNLO QCD) and up to next-to-leading order for electroweak effects (NLO electroweak). The NNLO QCD predictions are calculated with kinematic requirements applied to match the detector acceptance using the DYNNLO \[[@CR24], [@CR25]\] and FEWZ \[[@CR26]--[@CR28]\] programs. The NLO electroweak corrections are an important ingredient at this level of precision and can be evaluated with FEWZ for the NC processes and with the SANC programs \[[@CR29]\] for both NC and CC processes. The measured integrated and differential cross sections are compared to calculations using various recent PDF sets: ABM12 \[[@CR30]\], CT14 \[[@CR31]\], HERAPDF2.0 \[[@CR32]\], JR14 \[[@CR33]\], MMHT14 \[[@CR34]\], and NNPDF3.0 \[[@CR35]\]. A quantitative analysis within a profiling procedure \[[@CR36], [@CR37]\] is presented to test the compatibility of the new $\documentclass[12pt]{minimal}
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                \begin{document}$$W,\,Z$$\end{document}$ cross-section measurement \[[@CR1]\] and its QCD interpretation \[[@CR38]\] suggested that the light quark sea ($\documentclass[12pt]{minimal}
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                \begin{document}$$x \simeq 0.023$$\end{document}$ within an experimental uncertainty of about 20%. This is re-examined here in a new QCD fit analysis using the present ATLAS measurement together with the final, combined NC and CC DIS cross-section data from the H1 and ZEUS experiments at the HERA collider \[[@CR32]\]. The analysis provides a new NNLO PDF set, ATLAS-epWZ16, superseding the ATLAS-epWZ12 set \[[@CR38]\]. It also allows the magnitude of the CKM matrix element $\documentclass[12pt]{minimal}
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The paper is organized as follows. Section [2](#Sec2){ref-type="sec"} presents the detector, data and simulated event samples and cross-section as well as kinematic definitions. The measurements, of both the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^*$$\end{document}$ reactions, are performed independently for the electron and muon decay channels as described in Sects. [3](#Sec6){ref-type="sec"} and [4](#Sec10){ref-type="sec"}. The cross-section results are presented in Sect. [5](#Sec14){ref-type="sec"}, which contains the analysis method, a test of electron--muon universality, and a description of the procedure for, and results of, combining the electron and the muon data. In Sect. [6](#Sec24){ref-type="sec"} the integrated and differential cross sections are compared with theoretical calculations using recent NNLO PDF sets. Measurements are also presented of the $\documentclass[12pt]{minimal}
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                \begin{document}$$W^{\pm }$$\end{document}$ charge asymmetry and various other cross-section ratios. This section concludes with the results of the PDF profiling analysis. Finally, Sect. [7](#Sec34){ref-type="sec"} presents an NNLO QCD fit analysis of the present ATLAS data and the final HERA NC and CC DIS cross-section data, resulting in an improved determination of the strange-quark distribution in the proton and a measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$\vert V_{cs} \vert $$\end{document}$. A summary of the paper is presented in Sect. [8](#Sec40){ref-type="sec"}.

Detector, simulation and definitions {#Sec2}
====================================

Detector and data samples {#Sec3}
-------------------------

The ATLAS detector \[[@CR40]\] comprises a superconducting solenoid surrounding the inner detector (ID) and a large superconducting toroid magnet system with muon detectors enclosing the calorimeters. The ID system is immersed in a 2 T axial magnetic field and provides tracking information for charged particles in a pseudorapidity range matched by the precision measurements of the electromagnetic calorimeter. The inner silicon pixel and strip tracking detectors cover the pseudorapidity range $\documentclass[12pt]{minimal}
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The liquid argon (LAr) electromagnetic (EM) calorimeter is divided into one barrel ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 1.475$$\end{document}$) and two end-cap components ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1.375< |\eta | < 3.2$$\end{document}$). It uses lead absorbers and has an accordion geometry to ensure a fast and uniform response and fine segmentation for optimal reconstruction and identification of electrons and photons. The hadronic steel/scintillator-tile calorimeter consists of a barrel covering the region $\documentclass[12pt]{minimal}
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                \begin{document}$$1.5<|\eta |<3.2$$\end{document}$) is located behind the electromagnetic end-cap calorimeter. The forward calorimeter (FCAL) covers the range $\documentclass[12pt]{minimal}
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The muon spectrometer (MS) is based on three large superconducting toroids with coils arranged in an eight-fold symmetry around the calorimeters, covering a range of $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ range, precision measurements of the track coordinates in the principal bending direction of the magnetic field are provided by monitored drift tubes. At large pseudorapidities ($\documentclass[12pt]{minimal}
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                \begin{document}$$2.0< |\eta | < 2.7$$\end{document}$), cathode strip chambers with higher granularity are used in the layer closest to the IP. The muon trigger detectors consist of resistive plate chambers in the barrel ($\documentclass[12pt]{minimal}
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In 2011, the ATLAS detector had a three-level trigger system consisting of Level-1 (L1), Level-2 (L2) and the Event Filter (EF). The L1 trigger rate was approximately 75 kHz. The L2 and EF triggers reduced the event rate to approximately 300 Hz before data transfer to mass storage.

The data for this analysis were collected by the ATLAS Collaboration during 2011, the final year of operation at $\documentclass[12pt]{minimal}
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                \begin{document}$$1.8\%$$\end{document}$ \[[@CR2]\], where the main components of the apparatus were operational. Data and simulated event samples were processed with common reconstruction software.

Simulated event samples {#Sec4}
-----------------------

Simulated and reconstructed Monte Carlo (MC) samples are used to model the properties of signals and background processes and to calculate acceptance and efficiency corrections for the extraction of cross sections. Dedicated efficiency and calibration studies with data are used to derive correction factors to account for the small differences between experiment and simulation, as is subsequently described.

The main signal event samples for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^{\pm } \rightarrow \ell \nu $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^* \rightarrow \ell \ell $$\end{document}$ production are generated using the [Powheg]{.smallcaps} \[[@CR41]--[@CR44]\] event generator, with the simulation of parton showers, hadronization and underlying events provided by [Pythia6]{.smallcaps} \[[@CR45]\]. Systematic uncertainties in the measurements due to imperfect modelling of the signals are estimated with alternative event samples generated with [Powheg]{.smallcaps} interfaced instead to the [Herwig]{.smallcaps} \[[@CR46]\] and [Jimmy]{.smallcaps} \[[@CR47]\] programs (referred to later as the [Powheg]{.smallcaps}+[Herwig]{.smallcaps} sample) as well as [MC\@NLO]{.smallcaps} \[[@CR48]\], also interfaced to the [Herwig]{.smallcaps} and [Jimmy]{.smallcaps} programs (referred to later as the [MC\@NLO]{.smallcaps}+[Herwig]{.smallcaps} sample). For the [MC\@NLO]{.smallcaps} and [Powheg]{.smallcaps} matrix element calculations the CT10 NLO PDF \[[@CR49]\] set is used, whereas showering is performed with CTEQ6L1 \[[@CR50]\]. Samples of $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^* \rightarrow \tau ^+\tau ^-$$\end{document}$ events are generated with the [Alpgen]{.smallcaps} generator \[[@CR51]\] interfaced to [Herwig]{.smallcaps} and [Jimmy]{.smallcaps} and using the CTEQ6L1 PDF set, and also [Powheg]{.smallcaps} interfaced to [Pythia8]{.smallcaps} \[[@CR52]\].
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                \begin{document}$$Z/\gamma ^* \rightarrow \ell \ell $$\end{document}$ production are normalized to the NNLO cross sections calculated by the FEWZ program with the MSTW2008 NNLO PDF set \[[@CR53]\]. When employing these samples for background subtraction, an uncertainty in the total cross section of 5% is assigned to account for any uncertainties arising from the PDFs as well as factorization-scale and renormalization-scale uncertainties. As the simulated transverse momentum spectrum of the $\documentclass[12pt]{minimal}
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Inclusive production of dibosons *WW*, *WZ* and *ZZ* is simulated with [Herwig]{.smallcaps}. The samples are normalized to their respective NLO QCD cross sections \[[@CR68]\] with 6% uncertainty.

While most studies of the multijet background are performed using control samples from data, some studies in the muon channels are carried out with [Pythia6]{.smallcaps} samples, where inclusive, heavy-flavour dijet production ($\documentclass[12pt]{minimal}
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All generators are interfaced to [Photos]{.smallcaps} \[[@CR69]\] to simulate the effect of final-state QED radiation (QED FSR). The decays of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau $$\end{document}$ leptons in [Herwig]{.smallcaps} and [Pythia6]{.smallcaps} samples are handled by [Tauola]{.smallcaps} \[[@CR70]\]. The passage of particles through the ATLAS detector is modelled \[[@CR71]\] using GEANT4 \[[@CR72]\]. The effect of multiple *pp* interactions per bunch crossing ("pile-up") is modelled by overlaying the hard-scattering event with additional simulated inelastic collision events following the distribution observed in the data with about nine simultaneous inelastic interactions on average. These events are simulated using [Pythia6]{.smallcaps} with the AMBT2 tune \[[@CR73]\]. While the simulation of pile-up events reproduces the observed width of the luminous region along the beam direction, a reweighting is applied to match the longitudinal distribution of the hard-scatter vertex to that observed in the data. This is needed to accurately control acceptance and detector effects, which depend on the details of the detector geometry.

Cross-section definition and fiducial regions {#Sec5}
---------------------------------------------

The measurements reported here correspond to inclusive Drell--Yan cross sections with a direct decay of the intermediate boson, $\documentclass[12pt]{minimal}
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Each channel of the measurement covers somewhat different regions of phase space. For electrons this corresponds to a restriction to $\documentclass[12pt]{minimal}
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The integrated charged-current fiducial cross sections are presented separately for $\documentclass[12pt]{minimal}
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Electron channel measurements {#Sec6}
=============================

Event selection {#Sec7}
---------------

Events are required to have at least one primary vertex formed by at least three tracks of $\documentclass[12pt]{minimal}
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Central electron candidates are reconstructed from an ID track matched to an energy deposit in the EM calorimeter \[[@CR74]\]. They are required to be within the coverage of the ID and the precision region of the EM calorimeter, $\documentclass[12pt]{minimal}
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                \begin{document}$$1.37<|\eta |<1.52$$\end{document}$, is excluded, as the reconstruction quality is significantly reduced compared to the rest of the pseudorapidity range. The electron momentum vector is calculated by combining the calorimeter measurement of the energy and the tracker information on the direction. The electron is required to satisfy "tight" identification criteria \[[@CR74]\] based on the shower shapes of the cluster of energy in the calorimeter, the track properties, and the track-to-cluster matching. The combined efficiency for electrons from *W* and *Z* decays to be reconstructed and to meet these "tight" identification criteria depends strongly on both $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} $$\end{document}$. In the most central region of the detector, at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<0.8$$\end{document}$, this efficiency is about 65% at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} =20\,\,\text {GeV}$$\end{document}$ and increases to about 80% at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} =50\,\,\text {GeV}$$\end{document}$. In the more forward region, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.0<|\eta |<2.47$$\end{document}$, the corresponding efficiencies are in the range 50--75% for transverse momenta $\documentclass[12pt]{minimal}
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The same "tight" requirements are imposed for all central electron candidates to enable a coherent treatment across all $\documentclass[12pt]{minimal}
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Forward electron candidates are reconstructed in the region $\documentclass[12pt]{minimal}
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                \begin{document}$$<|\eta |<$$\end{document}$3.35, and are required to satisfy "forward tight" identification requirements with a typical efficiency in the range of 65--85% \[[@CR74]\]. As the forward region is not covered by the ID, the electron identification has to rely on calorimeter cluster shapes only. The forward electron momentum is determined from the calorimeter cluster energy and position.
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During data collection, events with one central electron were selected with a single-electron trigger with "medium" identification criteria and a $\documentclass[12pt]{minimal}
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To select *W*-boson events in the electron channel, exactly one central identified and isolated electron is required with a transverse momentum $\documentclass[12pt]{minimal}
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The selection for the central $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^* \rightarrow e^+e^-$$\end{document}$ analysis requires exactly two identified electrons with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} >20\,\,\text {GeV}$$\end{document}$. These two electrons must have passed the dielectron trigger selection. No requirement is made on the charge of the two electron candidates. The analysis examines the invariant mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{ee}$$\end{document}$ interval from 46 to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$150\,\text {GeV}$$\end{document}$.
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Calibration and efficiencies {#Sec8}
----------------------------

Comprehensive evaluations of the reconstruction of electrons are described in Refs. \[[@CR74], [@CR80]\]. The energy of the electron is calibrated using a multivariate algorithm trained on simulated samples of single electrons to achieve an optimal response and resolution. Residual corrections to the energy scale and resolution are determined from data as a function of $\documentclass[12pt]{minimal}
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The electron efficiencies are controlled in several steps corresponding to the reconstruction and identification of electron candidates as well as the isolation and trigger requirements described above. All central electron efficiencies are measured as a function of the electron pseudorapidity and electron transverse momentum, while in the forward region $\documentclass[12pt]{minimal}
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The efficiencies for electrons from *W* or *Z* decays in the central region to satisfy the "tight" identification requirements are measured using two different tag-and-probe methods performed with *W* and *Z* data samples \[[@CR74]\]. The data-to-simulation ratios of the efficiencies measured in these two samples are combined. They are typically within $\documentclass[12pt]{minimal}
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The central electron trigger, reconstruction and isolation efficiencies as well as the forward electron identification efficiencies are determined using the *Z* tag-and-probe method only. Corresponding correction factors are derived in all cases and applied to the simulation. The efficiencies for the reconstruction of central electrons are measured with a precision of mostly better than 0.5% and are found to be described by the simulation within typically $\documentclass[12pt]{minimal}
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The forward electron reconstruction efficiency has been found to be nearly 100% in the simulation. The identification efficiencies are found to be lower in data than in the simulation by about 10% and are measured with a precision of 3--8%.
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^* \rightarrow e^+e^-$$\end{document}$ analysis.
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Backgrounds {#Sec9}
-----------

The backgrounds contributing in the $\documentclass[12pt]{minimal}
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The largest electroweak background in the $\documentclass[12pt]{minimal}
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The relative fraction of the two components is determined by a fit to the data in the normalization region. The normalization region contains the signal region to constrain the signal contribution, relaxes the lower $\documentclass[12pt]{minimal}
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Muon channel measurements {#Sec10}
=========================

Event selection {#Sec11}
---------------

The same requirement for a primary vertex is imposed as for the electron channels. The analysis uses muon candidates that are defined as "combined muons" in Ref. \[[@CR81]\]. For combined muons an independent track reconstruction is performed in the ID and the MS, and a combined track is formed using a $\documentclass[12pt]{minimal}
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Events in the muon channels were selected during data-taking with a trigger demanding the presence of a single muon with $\documentclass[12pt]{minimal}
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Calibration and efficiencies {#Sec12}
----------------------------

Muon transverse momentum corrections and trigger and reconstruction efficiencies are measured using the same methods as applied in Ref. \[[@CR1]\] and documented in Refs.  \[[@CR81], [@CR82]\]. Muon transverse momentum resolution corrections are determined comparing data and MC events as a function of $\documentclass[12pt]{minimal}
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Muon trigger and reconstruction efficiencies are measured with a tag-and-probe method in a sample of $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \rightarrow \mu ^+\mu ^-$$\end{document}$ events. Imposing tighter selections on the invariant mass and on the angular correlation between the two muons reduces the background contamination and allows one of the muons to be selected with looser requirements to measure the efficiencies \[[@CR81]\]. The reconstruction efficiencies are measured using a factorized approach: the efficiency of the combined reconstruction is derived with respect to the ID tracks, and the efficiency of reconstructing a muon in the inner tracker is measured relative to the MS tracks. The isolation selection efficiency is estimated relative to combined tracks. Finally, the trigger efficiency is measured relative to isolated combined muons.

The measured data-to-simulation ratios of efficiencies are applied as corrections to the simulation. In general, these factors are close to unity, indicating that the simulation reproduces detector effects very well. The corrections for the combined reconstruction efficiency are 1--2%, except for a small region around $\documentclass[12pt]{minimal}
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Backgrounds {#Sec13}
-----------

The electroweak background in the $\documentclass[12pt]{minimal}
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This analysis yields a fraction of multijet background events between 2.7% in the most central pseudorapidity bin and 1.3% in the most forward bin of the measurement for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+$$\end{document}$ channel and between 3.5 and 2.6% for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^-$$\end{document}$ channel, respectively. The systematic uncertainty, dominated by the uncertainty in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ modelling for signal events in simulation, is estimated to be about 0.4--0.8% relative to the number of background events. While this background is determined separately for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^-$$\end{document}$ samples, the resulting background yields are found to be compatible between both charges within the statistical uncertainty. As in the electron channel, the multijet background was also determined with an alternative method following Ref. \[[@CR7]\], which gives an estimate well within the systematic uncertainty assigned to the baseline determination described above.

The background contributions in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^* \rightarrow \mu ^+\mu ^-$$\end{document}$ channel due to isolated muons from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^* \rightarrow \tau ^+\tau ^-$$\end{document}$, and diboson production behave similarly to those in the electron channel. In the *Z*-peak region, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mu \mu }=66$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$116\,\,\text {GeV}$$\end{document}$, these are estimated to be 0.1, 0.07, and 0.1%, respectively. The total background from electroweak and top-quark processes outside the *Z*-peak region is around 6% for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mu \mu }=46$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$66\,\,\text {GeV}$$\end{document}$ and around 4% for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mu \mu }=116$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$150\,\,\text {GeV}$$\end{document}$.
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                \begin{document}$$p_{\text {T}}$$\end{document}$ of the muon, and the dimuon invariant mass. The templates for the multijet background are derived in most cases from data control samples obtained by inverting the requirements on muon isolation or the opposite-charge requirement on the muon pair, depending on the quantity fitted. Alternative templates are also derived from simulation of inclusive heavy-flavour production with semileptonic decays of charm or bottom hadrons to muons. The right panel of Fig. [2](#Fig2){ref-type="fig"} shows the result of the template fit in the muon isolation distribution to determine the absolute scale of the multijet background, which is then extrapolated to the isolated region. For this particular method, the multijet template is modelled by a combination of same-charge data events, used to represent the background from light-quark production, and a contribution from simulated heavy-flavour production, where the small same-charge fraction is subtracted from the dominant opposite-charge dimuon contribution.

In addition to the template fits, a method extrapolating from control regions defined by inverting the isolation, opposite charge, or both requirements is employed. All methods, apart from the template fit in $\documentclass[12pt]{minimal}
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The shape of the multijet background as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$y_{\mu \mu }$$\end{document}$ are assessed by comparing the shape in simulation obtained with the looser and nominal muon selections as well as comparing the shape predicted by the simulation to the shape in a data control region, where at least one muon fails either the isolation or transverse impact parameter requirements. An additional relative uncertainty of 22% is obtained, treated as uncorrelated in rapidity and mass bins.

Cosmic-ray muons overlapping in time with a collision event are another potential source of background. From a study of non-colliding bunches, this background contribution is found to be negligible.Fig. 2Distributions used for the estimation of the multijet background in the $\documentclass[12pt]{minimal}
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Cross-section results {#Sec14}
=====================

Analysis procedure {#Sec15}
------------------

The integrated and differential $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+ \rightarrow \ell ^+\nu $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^- \rightarrow \ell ^-\bar{\nu }$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^* \rightarrow \ell \ell $$\end{document}$ production cross sections times the branching ratio for decays into a single lepton flavour ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell =e$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu $$\end{document}$) are measured in fiducial volumes as defined in Sect. [2.3](#Sec5){ref-type="sec"}. Integrated fiducial cross sections in the electron (muon) channel are computed following the equation$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \sigma ^\mathrm {fid,e(\mu )}_{W \rightarrow e(\mu )\nu [Z\rightarrow ee(\mu \mu )]} = \frac{N_{W[Z]} - B_{W[Z]}}{{C_{W[Z]}}\cdot L_\mathrm {int}} , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{W[Z]}$$\end{document}$ is the number of observed signal candidates in data and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B_{W[Z]}$$\end{document}$ is the number of background events expected in the selected sample. The integrated luminosity of the sample is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$L_\mathrm {int}=(4.58\pm 0.08)\,\mathrm {fb}^{-1}$$\end{document}$ for all channels except the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W \rightarrow e \nu $$\end{document}$ analysis, where it is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$L_\mathrm {int}=(4.51\pm 0.08)\,\mathrm {fb}^{-1}$$\end{document}$. A correction for the event detection efficiency is applied with the factor $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{W[Z]}$$\end{document}$ , which is obtained from the simulation as$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} {C_{W[Z]}}= \frac{N^\mathrm {MC, rec}_{W[Z]}}{N^\mathrm {MC, gen, fid}_{W[Z]}}. \end{aligned}$$\end{document}$$Here, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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The correction of the differential distributions follows a similar methodology, but it is performed using the Bayesian Iterative method \[[@CR85], [@CR86]\], as implemented in the RooUnfold package \[[@CR87]\] using three iterations. The differential distributions considered in this paper are constructed to have bin purities of typically more than 90%, where the bin purity is defined as the ratio of events generated and reconstructed in a certain bin to all events reconstructed in that bin. Slightly lower purities of 80--90% are observed in the $\documentclass[12pt]{minimal}
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Fiducial cross sections in the electron and muon channels, as reported in Sects. [5.2.1](#Sec17){ref-type="sec"} and [5.2.2](#Sec18){ref-type="sec"}, are then extrapolated to the common fiducial volume by applying a small correction $\documentclass[12pt]{minimal}
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Cross-section measurements {#Sec16}
--------------------------

### Electron channels {#Sec17}

To ensure an adequate description of important kinematic variables in the electron channels, Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"} compare several distributions of the data to the signal simulation and estimated backgrounds. The signal and electroweak background distributions are taken from the simulation and normalized to the corresponding data luminosity. The distributions of the background from multijet production are obtained from data and normalized as described in Sect. [3.3](#Sec9){ref-type="sec"}. Figures [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"} show the distributions of the electron transverse momentum, the electron pseudorapidity, the missing transverse momentum, and the transverse mass of candidate *W* events, respectively. The invariant mass distribution of electron pairs, selected by the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^* \rightarrow e^+e^-$$\end{document}$ analyses, and the dilepton rapidity distributions are shown in Figs. [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"}, respectively. Good agreement between data and the predictions is observed in general for all kinematic distributions. Small disagreements in the shapes of the $\documentclass[12pt]{minimal}
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                \begin{document}$$W^- \rightarrow e^- \bar{\nu }$$\end{document}$ candidates (*right*). The simulated samples are normalized to the data luminosity. The multijet background shape is taken from a data control sample and normalized to the estimated yield of multijet events. The sum of all expected background and signal contributions is shown as a*solid line with a hashed band* detailing the statistical uncertainty and labelled "total (stat)". The legend lists only background sources with a visible contribution Fig. 4The pseudorapidity distribution of electrons for $\documentclass[12pt]{minimal}
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                \begin{document}$$W^- \rightarrow e^- \bar{\nu }$$\end{document}$ candidates (*right*). The simulated samples are normalized to the data luminosity. The multijet background shape is taken from a data control sample and normalized to the estimated yield of multijet events. The sum of all expected background and signal contributions is shown as a*solid line with a hashed band* detailing the statistical uncertainty and labelled "total (stat)". The legend lists only background sources with a visible contribution Fig. 5The missing transverse momentum distribution for $\documentclass[12pt]{minimal}
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                \begin{document}$$W^- \rightarrow e^- \bar{\nu }$$\end{document}$ candidates (*right*). The simulated samples are normalized to the data luminosity. The multijet background shape is taken from a data control sample and normalized to the estimated yield of multijet events. The sum of all expected background and signal contributions is shown as a*solid line with a hashed band* detailing the statistical uncertainty and labelled "total (stat)". The legend lists only background sources with a visible contribution Fig. 6The transverse mass distribution for $\documentclass[12pt]{minimal}
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                \begin{document}$$W^- \rightarrow e^- \bar{\nu }$$\end{document}$ candidates (*right*). The simulated samples are normalized to the data luminosity. The multijet background shape is taken from a data control sample and normalized to the estimated yield of multijet events. The sum of all expected background and signal contributions is shown as a*solid line with a hashed band* detailing the statistical uncertainty and labelled "total (stat)". The legend lists only background sources with a visible contribution Fig. 7The dilepton invariant mass distributions for $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^* \rightarrow e^+e^-$$\end{document}$ candidates with two central electrons (*left*) and one central and one forward electron (*right*). The simulated samples are normalized to the data luminosity. The multijet background shape is taken from a data control sample and normalized to the estimated yield of multijet events. The sum of all expected background and signal contributions is shown as a*solid line with a hashed band* detailing the statistical uncertainty and labelled "total (stat)". The legend lists only background sources with a visible contribution Fig. 8The dilepton rapidity distributions for $\documentclass[12pt]{minimal}
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### Muon channels {#Sec18}

The description of important kinematic variables in the muon-channel data by the signal simulation and the estimated backgrounds is illustrated in Figs. [10](#Fig10){ref-type="fig"}, [11](#Fig11){ref-type="fig"}, [12](#Fig12){ref-type="fig"}, [13](#Fig13){ref-type="fig"}, [14](#Fig14){ref-type="fig"} and [15](#Fig15){ref-type="fig"}. The signal and electroweak background distributions are taken from MC simulation and normalized to the corresponding data luminosity. The distributions for the background from multijet production are obtained from data and normalized as described in Sect. [4.3](#Sec13){ref-type="sec"}. Figures [10](#Fig10){ref-type="fig"}, [11](#Fig11){ref-type="fig"} and [12](#Fig12){ref-type="fig"} show the distributions of muon transverse momentum, muon pseudorapidity and the missing transverse momentum of candidate *W* events for positive and negative charges. The transverse mass distributions are shown in Fig. [13](#Fig13){ref-type="fig"}. The dimuon mass distribution of muon pairs selected by the $\documentclass[12pt]{minimal}
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The breakdown of the systematic uncertainty in all channels is shown in Table [6](#Tab6){ref-type="table"}. Apart from the luminosity contribution of $\documentclass[12pt]{minimal}
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The uncertainties of the data-driven determinations of muon and hadronic recoil responses, discussed in Sect. [4.2](#Sec12){ref-type="sec"}, are propagated to the measurements. This comprises the uncertainties in the muon detection efficiencies, separated into contributions from the trigger, reconstruction, and isolation, which are relatively small for the $\documentclass[12pt]{minimal}
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Signal modelling variations with different event generators as discussed in Sect. [5.1](#Sec15){ref-type="sec"} contribute uncertainties of about 0.1% to both the $\documentclass[12pt]{minimal}
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The determination of uncertainties in the background subtraction follows the discussion in Sect. [4.3](#Sec13){ref-type="sec"}. The contribution of electroweak and top-quark backgrounds is about 0.2% for the $\documentclass[12pt]{minimal}
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The differential cross-section measurements, as a function of the $\documentclass[12pt]{minimal}
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Test of electron--muon universality {#Sec19}
-----------------------------------

Ratios of the measured *W* and *Z* production cross sections in the electron and muon decay channels are evaluated from the corresponding measurements minimally extrapolated to the common fiducial phase space according to Eq. ([8](#Equ8){ref-type=""}). These $\documentclass[12pt]{minimal}
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### Combination procedure {#Sec21}
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The uncertainties due to electron and muon momentum scales and resolutions are treated as fully correlated between the $\documentclass[12pt]{minimal}
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The accurate determination of lepton selection efficiencies for online selection, reconstruction, identification, and isolation is an important input to the analysis. The efficiencies are measured in data and applied as correction factors to the simulation. These correction factors have statistical and procedural uncertainties, which are propagated to the measurements using pseudo-experiments for all channels in a consistent way. A covariance matrix is constructed from typically 1000 pseudo-experiments and then decomposed into a list of fully correlated uncertainty sources $\documentclass[12pt]{minimal}
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The following theoretical uncertainties are largely correlated between all channels: (1) uncertainties in the measurements due to signal modelling, such as the boson transverse momentum spectrum; (2) theoretical uncertainties in signal modelling and hadronic recoil simulation, estimated with alternative signal samples, and (3) extrapolations applied to the measurements to account for the small differences in experimental fiducial phase spaces.

The uncertainties due to background estimation from simulated MC samples are treated as fully correlated between all channels, but separately for each background source. Data-driven background estimates are uncorrelated between channels and often contain significant statistical components, especially in the low-background $\documentclass[12pt]{minimal}
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### Integrated cross sections {#Sec22}

The combination of fiducial integrated $\documentclass[12pt]{minimal}
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In order to obtain the total cross sections, the combined integrated fiducial cross sections are also extrapolated to the full phase space with the procedure discussed in Sect. [5.1](#Sec15){ref-type="sec"}. Results are provided in Table [9](#Tab9){ref-type="table"}. The uncertainties in these total cross sections receive significant contributions from PDF and signal modelling uncertainties, which are similar in size to the luminosity uncertainty. Ratios of these total cross sections are provided in Table [10](#Tab10){ref-type="table"}. While for these ratios the luminosity uncertainty and a large part of the signal modelling uncertainties in the extrapolation are found to cancel, a significant uncertainty remains from PDF uncertainties.Table 9Total cross sections times leptonic branching ratios obtained from the combination of electron and muon channels with statistical and systematic uncertainties, for $\documentclass[12pt]{minimal}
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Table 10Ratios of total CC and NC cross sections obtained from the combination of electron and muon channels with statistical and systematic uncertainties. The $\documentclass[12pt]{minimal}
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### Differential cross sections {#Sec23}

For the combination of the rapidity-dependent differential cross sections, a simultaneous averaging of 105 data points, characterized by more than one hundred correlated sources from all channels, is performed leading to 61 combined measurement points. As the phase space regions of the central and forward $\documentclass[12pt]{minimal}
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The combination of the differential cross sections measured in the electron and muon channels is illustrated in Figs. [17](#Fig17){ref-type="fig"} and [18](#Fig18){ref-type="fig"} for the $\documentclass[12pt]{minimal}
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Theoretical framework and methodology {#Sec25}
-------------------------------------

### Drell--Yan cross-section predictions {#Sec26}
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The QCD analysis of the *ep* and *pp* data presented below assumes that the SM electroweak parameters are known. Their values are taken from the PDG \[[@CR39]\], and are listed for reference in Table [15](#Tab15){ref-type="table"}. The leptonic decay width of the *W* boson, $\documentclass[12pt]{minimal}
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The nominal theoretical predictions of the differential, fiducial and total cross sections at NNLO in QCD are computed with [DYNNLO]{.smallcaps} 1.5 using the default program parameters.[2](#Fn2){ref-type="fn"} For an estimate of the current uncertainties of fixed-order perturbative QCD NNLO calculations, the [DYNNLO]{.smallcaps}  predictions are compared with predictions using [FEWZ]{.smallcaps} 3.1.b2. For the total cross sections, agreement to better than $\documentclass[12pt]{minimal}
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In the calculation of the Drell--Yan cross sections, the renormalization and factorization scales, $\documentclass[12pt]{minimal}
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The relative uncertainty of the LHC proton beam energy of $\documentclass[12pt]{minimal}
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### Electroweak corrections and combination with QCD predictions {#Sec27}

In Drell--Yan production, the dominant part of the higher-order electroweak corrections is the QED radiation from the final-state leptons. This contribution is included in the Drell--Yan MC samples using [Photos]{.smallcaps} \[[@CR69]\] and then passed through the detailed ATLAS detector simulation as described in Sect. [2.2](#Sec4){ref-type="sec"}. The data are unfolded for QED FSR effects at the same time as for other detector effects. The calculations of the QED FSR effects by [Photos]{.smallcaps} and [MCSANC]{.smallcaps} 1.20 \[[@CR103]\] agree very well \[[@CR104]\]. The remaining NLO EW corrections are then calculated using [MCSANC]{.smallcaps}, excluding the QED FSR contributions, for both the NC and CC Drell--Yan processes. These terms include NLO contributions from initial-state photon radiation, EW loop corrections, and initial-state--final-state photon interference.

The NLO EW corrections calculated with [MCSANC]{.smallcaps} need to be combined with the NNLO QCD predictions, calculated with [DYNNLO]{.smallcaps}, to obtain complete predictions.[4](#Fn4){ref-type="fn"} This combination may be achieved using either a factorized or an additive approach \[[@CR109]\]. A common PDF set at NNLO, ATLAS-epWZ12, is used for the calculation of both the absolute NNLO QCD and NLO EW cross sections. The combination of QCD and EW calculations in the factorized approach may be expressed using $\documentclass[12pt]{minimal}
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The alternative additive approach assumes the absolute contribution of the EW correction to be independent of the order of the underlying QCD calculation. Thus the relative fraction of the higher-order EW corrections is different for each order of QCD by $\documentclass[12pt]{minimal}
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The differences between the additive and factorized approaches are in general found to be small and significantly smaller than the experimental uncertainty of the results presented in this paper. They are at most 0.3--0.9% for the low-mass $\documentclass[12pt]{minimal}
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                \begin{document}$${<}0.1\%$$\end{document}$. These differences are taken as a systematic uncertainty applied symmetrically to the central value obtained using the additive approach.

Additional two-loop EW corrections for the leading contributions are calculated using [MCSANC]{.smallcaps} for the NC case \[[@CR110]\]. This correction is found to be $\documentclass[12pt]{minimal}
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The radiation of real (on-shell) *W* and *Z* bosons is very small for the considered phase space \[[@CR111]\] and neglected. An important background to the NC process outside the *Z*-boson mass region arises from photon-induced dileptons, $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma \gamma \rightarrow \ell \ell $$\end{document}$. This contribution is calculated including NLO effects for the fiducial phase space with the MCSANC \[[@CR103]\] program and subtracted from the unfolded data. The calculation uses the average of the two available MRST2004qed \[[@CR112]\] predictions for the photon PDF as the central value and half the difference as an uncertainty estimate. The size of the photon-induced contribution is about $\documentclass[12pt]{minimal}
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### Methodology of PDF profiling {#Sec28}

The impact of new data on a given PDF set can be estimated in a quantitative way with a profiling procedure \[[@CR36], [@CR37]\]. The profiling is performed using a $\documentclass[12pt]{minimal}
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                \begin{document}$$f'_0$$\end{document}$ have reduced uncertainties. In general, the shifted eigenvectors are no longer orthogonal and are transformed to an orthogonal representation using a standard procedure \[[@CR96]\], which can be extended to asymmetric uncertainties. The profiling procedure used in this analysis is implemented in the xFitter package \[[@CR113]\]. The $\documentclass[12pt]{minimal}
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The profiling procedure quantifies the compatibility of a data set with the predictions based on a PDF set and estimates the PDF sensitivity of the data set. However, the results of profiling are only reliable when the prediction is broadly consistent with the data within the PDF uncertainties because of the approximation involved in Eq. ([18](#Equ18){ref-type=""}), and the profiling cannot act as a substitute for a full QCD fit analysis. A second caveat is that the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \chi ^2=1$$\end{document}$ employed in the profiling. Thus the impact of the data in a full PDF fit pursued by those groups may differ from the result of a profiling analysis as outlined here. Profiling results are presented below for the PDF sets ABM12, CT14, MMHT2014, NNPDF3.0 (Hessian representation \[[@CR115]\]), and ATLAS-epWZ12.

Integrated cross sections and their ratios {#Sec29}
------------------------------------------

Fig. 19Integrated fiducial cross sections times leptonic branching ratios of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma ^\mathrm {fid}_{W^+\rightarrow \ell ^+\nu }$$\end{document}$ vs. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma ^\mathrm {fid}_{W^-\rightarrow \ell ^-\bar{\nu }}$$\end{document}$ (*left*) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma ^\mathrm {fid}_{W^\pm \rightarrow \ell ^\pm \nu }$$\end{document}$ vs. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma ^\mathrm {fid}_{Z/\gamma ^{*}\rightarrow \ell ^+\ell ^-}$$\end{document}$ (*right*). The data ellipses illustrate the 68% CL coverage for the total uncertainties (*full green*) and total excluding the luminosity uncertainty (*open black*). Theoretical predictions based on various PDF sets are shown with *open symbols of different colours*. The uncertainties of the theoretical calculations correspond to the PDF uncertainties only

The combined integrated cross sections in the fiducial phase space are shown in Fig. [19](#Fig19){ref-type="fig"}. NNLO QCD predictions with NLO EW corrections based on the ABM12, CT14, HERAPDF2.0, JR14, MMHT2014, NNPDF3.0 PDF sets are compared to the data. The central values and their uncertainties for these PDF sets are provided in Table [16](#Tab16){ref-type="table"} together with the combined measurements reported before in Table [7](#Tab7){ref-type="table"}.Table 16Predictions at NNLO QCD and NLO EW as obtained with [DYNNLO]{.smallcaps} 1.5 for the integrated fiducial cross sections. The given uncertainties correspond to PDF uncertainties only and are evaluated following the different prescriptions of the PDF groups. The measured cross sections as reported before in Table [7](#Tab7){ref-type="table"} are shown in the last row with their total uncertaintiesPDF set$\documentclass[12pt]{minimal}
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The two-dimensional presentation is particularly instructive, as it conveys both the values and correlations of both the measurements and predictions. The cross-section calculations are performed with the DYNNLO program as described in Sect. [6.1](#Sec25){ref-type="sec"}. All experimental and theoretical ellipses are defined such that their area corresponds to $\documentclass[12pt]{minimal}
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Correlations between the predicted cross sections are evaluated from individual error eigenvectors in each PDF set. The spread of the predictions as well as the size of the individual PDF uncertainties are significantly larger than the uncertainty of the data. The measurements are seen to discriminate between different PDF choices and to provide information to reduce PDF uncertainties. As seen in Fig. [19](#Fig19){ref-type="fig"}, the PDF sets CT14, MMHT2014 and NNPDF3.0 give predictions that are lower for both the $\documentclass[12pt]{minimal}
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The ratios of the combined fiducial cross sections, presented before in Table [8](#Tab8){ref-type="table"}, are compared in Fig. [20](#Fig20){ref-type="fig"} to NNLO QCD predictions based on various PDF sets. It is observed that the measured $\documentclass[12pt]{minimal}
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Differential cross sections as a function of lepton pseudorapidity in $\documentclass[12pt]{minimal}
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Figure [22](#Fig22){ref-type="fig"} shows the measured charge asymmetry and the predictions based on various PDF sets. The experimental uncertainty ranges from 0.5 to 1%. Most of the predictions agree well with the asymmetry measurement, only CT14 somewhat undershoots the data. The NNPDF3.0 set, which uses $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^{\pm }$$\end{document}$ asymmetry data from the CMS Collaboration \[[@CR19], [@CR20]\], matches the ATLAS data very well, even within its very small uncertainties. On the other hand, these predictions are in general 3--5% below both the measured $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^-$$\end{document}$ differential cross sections. This highlights the additional information provided by precise, absolute differential measurements with full uncertainty information, including the correlations, as compared to an asymmetry measurement.Fig. 22Lepton charge asymmetry $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\ell }$$\end{document}$ in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W \rightarrow \ell \nu $$\end{document}$ production as a function of the lepton pseudorapidity $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta _{\ell }|$$\end{document}$. Predictions computed at NNLO QCD with NLO EW corrections using various PDF sets (*open symbols*) are compared to the data (*full points*). The ratio of theoretical predictions to the data is also shown. The predictions are displaced within each bin for better visibility. The theory uncertainty corresponds to the quadratic sum of the PDF uncertainty and the statistical uncertainty of the calculation
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Using the profiling technique introduced in Sect. [6.1](#Sec25){ref-type="sec"}, the agreement between data and predictions can be quantitatively assessed. Table [17](#Tab17){ref-type="table"} provides $\documentclass[12pt]{minimal}
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Profiling PDFs, by introducing the data presented here, provides a shifted set of parton distributions with generally reduced uncertainties. Given the previous observation \[[@CR38]\] of an enlarged strangeness fraction of the light sea, the effect of the data on the strange-quark distribution is examined. This is illustrated in Fig. [25](#Fig25){ref-type="fig"}, where the ratio $\documentclass[12pt]{minimal}
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QCD analysis {#Sec34}
============

In this section, the differential Drell--Yan production cross sections of $\documentclass[12pt]{minimal}
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                \begin{document}$$(\ell =e,\mu )$$\end{document}$ are studied in combination with the final NC and CC deep inelastic scattering (DIS) HERA I+II data \[[@CR32]\] within the framework of perturbative QCD. The Drell--Yan and DIS reactions are theoretically very well understood processes for such an analysis, and *ep* and *pp* collider data are particularly suitable because of the absence of nuclear corrections and negligible higher-twist effects. The HERA data alone can provide a full set of PDFs with certain assumptions \[[@CR32]\]. Adding the ATLAS data provides more sensitivity to the flavour composition of the quark sea as well as to the valence-quark distributions at lower *x*. The HERA and ATLAS data are used to obtain a new set of PDFs, termed ATLAS-epWZ16. Following the previous, similar QCD fit analysis in Ref. \[[@CR38]\], special attention is given to the evaluation of the strange-quark distribution, which was found to be larger than previous expectations based on dimuon data in DIS neutrino--nucleon scattering. The enhanced precision of the present data also permits a competitive determination of the magnitude of the CKM matrix element $\documentclass[12pt]{minimal}
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Fit framework {#Sec35}
-------------

The present QCD fit analysis is performed using the xFitter platform \[[@CR113], [@CR117]\] which uses QCDNUM \[[@CR118]\] for PDF evolution and MINUIT \[[@CR119]\] for minimization. Each step is cross-checked with an independent fit program as also used in Ref. \[[@CR32]\].

Predictions for the differential CC and NC Drell--Yan cross sections calculated at fixed order in QCD at NNLO accuracy and with NLO electroweak corrections are described in Sect. [6.1](#Sec25){ref-type="sec"}. These calculations, however, cannot be used directly in an iterative fit because of the large computational effort required to produce even a single prediction. Therefore, the xFitter package uses the APPLGRID \[[@CR120]\] code interfaced to the predictions of MCFM \[[@CR121]\] for the fast calculation at fixed-order NLO accuracy in QCD. The improved NNLO QCD and NLO EW predictions discussed above are incorporated in the fit with additional $\documentclass[12pt]{minimal}
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The QCD analysis uses the full set of ATLAS $\documentclass[12pt]{minimal}
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The nominal fit analysis is performed using the variable flavour number scheme from Refs \[[@CR122], [@CR123]\].[7](#Fn7){ref-type="fn"} The heavy-quark distributions are generated dynamically above the respective thresholds chosen as $\documentclass[12pt]{minimal}
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Besides the gluon distribution, *xg*, the valence and anti-quark distributions $\documentclass[12pt]{minimal}
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### Parton distributions {#Sec37}

The QCD fit determines a new set of PDFs, termed ATLAS-epWZ16, which has much smaller experimental uncertainties than the previous ATLAS-epWZ12 set. Further uncertainties in the PDFs are estimated and classified as model uncertainties and parameterization uncertainties, which are listed separately in Table [19](#Tab19){ref-type="table"}. Model uncertainties comprise variations of $\documentclass[12pt]{minimal}
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### Strange-quark density {#Sec38}

The QCD analysis of the ATLAS 2010 *W* and *Z* measurements \[[@CR38]\] led to the unexpected observation that strangeness is unsuppressed at low *x* of $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2=1.9\,\,\text {GeV}^2$$\end{document}$, which means that the strange, down and up sea quarks are of similar strength in that kinematic range. This was supported by the ATLAS measurement of associated *W* and charm production \[[@CR128]\] and not in contradiction with a similar measurement performed by CMS \[[@CR20], [@CR129]\]. But a large strange-quark density had not been expected from previous analyses of dimuon production in neutrino scattering \[[@CR130]--[@CR133]\] within the global PDF fit approaches  \[[@CR31], [@CR34], [@CR35], [@CR134]\].

The fraction of the strange-quark density in the proton can be characterized by a quantity $\documentclass[12pt]{minimal}
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                \begin{document}$$r_s$$\end{document}$ are listed separately in Table [19](#Tab19){ref-type="table"}. This result represents an improvement of a factor of three in the experimental uncertainty relative to the ATLAS-epWZ12 fit \[[@CR38]\]. The improvement derives from the more precise ATLAS data, which provide the sensitivity to the strange-quark density through the shape of the *Z* rapidity distribution in combination with the common, absolute normalization of both the $\documentclass[12pt]{minimal}
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One may also express the strange-quark fraction with respect to the total light-quark sea, which is the sum of up and down sea-quark distributions, at the scale $\documentclass[12pt]{minimal}
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As discussed in the preceding section, the combination of HERA DIS and newly presented ATLAS measurements results in a precise determination of the light-quark composition of the proton and specifically of the strange-quark density. The most significant contributions to *W*-boson production are from the Cabibbo-favoured initial states *ud* and *cs*, where the rate is also controlled by the magnitude of the CKM matrix elements $\documentclass[12pt]{minimal}
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This determination represents a new, competitive measurement of $\documentclass[12pt]{minimal}
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Summary {#Sec40}
=======

New cross-section measurements by the ATLAS Collaboration are presented for inclusive Drell--Yan production in the neutral-current channel, $\documentclass[12pt]{minimal}
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The electron and muon channel results are combined considering all sources of correlated and uncorrelated uncertainties. A new sensitive test of electron--muon universality in on-shell *W* and *Z* decays is presented. The combined integrated fiducial $\documentclass[12pt]{minimal}
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A measurement precision at sub-percent level represents an opportunity and challenge for the QCD interpretation. Predictions for the Drell--Yan processes $\documentclass[12pt]{minimal}
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Appendix {#Sec41}
========

Differential measurements in electron and muon channels {#Sec42}
-------------------------------------------------------

The differential cross-sectionmeasurements for electron and muon channels before combination are shown in Tables [23](#Tab23){ref-type="table"}, [24](#Tab24){ref-type="table"}, [25](#Tab25){ref-type="table"}, [26](#Tab26){ref-type="table"}, [27](#Tab27){ref-type="table"}, [28](#Tab28){ref-type="table"} and [29](#Tab29){ref-type="table"}.
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates $\documentclass[12pt]{minimal}
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Using the default parameters of this program, with an intrinsic [xqtcut]{.smallcaps} parameter chosen to be 0.008, the fiducial NNLO QCD predictions are found to behave in a continuous way with respect to small variations in the minimum lepton $\documentclass[12pt]{minimal}
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The [FEWZ]{.smallcaps} and [DYNNLO]{.smallcaps} programs differ in the subtraction schemes used, which leads to small differences in the boson $\documentclass[12pt]{minimal}
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This implies that the projections onto the axes correspond to 1.52 times the one-dimensional uncertainty. This is the same convention as chosen in Refs. \[[@CR1], [@CR7]\]. However, in the literature one may find an alternative definition, where the size of ellipses reflect the one-dimensional uncertainties when projected on the axes \[[@CR116]\].
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The choice of the heavy-flavour scheme is especially relevant for the HERA measurements at lower $\documentclass[12pt]{minimal}
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The CT10nnlo PDF set \[[@CR62]\] is observed to have a less suppressed strange-quark distribution with $\documentclass[12pt]{minimal}
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